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Probe design and thermodynamically-calculated performance. Essential functional domains of the probe are shown in the inset probe diagrams. All pairwise probabilities of the extended primer -probe ordered complex calculated using nupack.org 1 web server using default DNA options plus: Temperature: 37C, Number of strand species: 2, Maximum complex size: 2, Strand species as in Supplementary Table 2, Dangle treatment: All, Na + : 0.05 M, Mg 2+ : 0.002 M. Data were downloaded as a pair probability text file and re-plotted with custom Wolfram Mathematica code (to be published elsewhere). A single T nucleotide is used to substitute for IDT "Sp9", as there are no relevant thermodynamic data. Stem template is arbitrary 3-letter code (see Supplementary Figure 2 Figure 3a and b, as well as the primer sequences. Sequences are written in IDT format, with /iBiodT/ as code for a biotinylated T nucleotide, /iSp9/ as code for a non-DNA spacer of length~1 nt, inserted internally, /iisodG/ and /iMe-isodC/ for the Iso-dC/dG pair, an "m" preceding a nucleotide to denote a 2'O-Me RNA base (backup stopper), and an * to denote a phosphorothioate link. IUPAC code "D" represents a random nucleotide of A, G, or T identity, "H" represents A, T, or C, and "W" represents A or T. The probe used in Main Text Figure 3a is used predominantly in this paper, including main text Figs. 4c, 5, and 6, in conjunction with the T-bulge primer. Later development of a higher-performance probe, that of Main Text Figure 3b and used in conjunction with a phosphorothioate primer, is also shown. The probes used in this experiment had the universal primer site but randomly-generated barcodes ("H" stands for any of A, C, or T, randomly inserted in each probe). The probe is ordered with the 18-nucleotide poly-H sequence and then manufactured (extended) in house to contain its complement (denoted as poly-"D") as shown. Because an experiment utilized less than 5E5 probes from a pool of 3 18~4 E8 possible barcodes, it is very unlikely that any given barcode was used twice. Also shown is the universal primer sequence. (c) Full-records were generated and sequencing adapters ligated (see below). The sample was sequenced (Illumina MiSeq), a barcode (AACAAATACAAATATTCT) was chosen from the resulting text (fastq) file, and the file was searched for records with this sequence or its complement (i.e., those strands resulting from when a universal primer was extended first on another probe). Three such Full-records are shown, with the common barcode in bold print. The three (different) paired barcodes are highlighted in yellow, and show that probes not only make multiple Full-records (consistent with Main Text Figure 3b ), but that records are made with multiple different probes. Expected primer and palindrome components were also present, as shown. (Method of sequencing) Recording samples (i.e., containing Fullrecords, leftover primers, etc.) were prepared as above. The sample was immediately subjected to 15 cycles of PCR amplification (conditions below), followed by Qiaquick spin column purification and elution in EB Buffer (Qiagen). The sample was re-annealed from 80
• C to 50
• C over 45 min to create double-stranded ends, and subjected to Klenow fragment polymerase in NEB2 buffer (NEB) to add an "A" nucleotide to each 3' end. Modified Illumina adapter sequences were ligated with T4 DNA ligase in T4 ligase buffer (NEB) over 1 hour, and the sample was purified by denaturing PAGE (see main text methods), gel stained with SybrGold (Life Technologies), and appropriate bands were cut out under Typhoon scanner (General Electric) observation. A final 8 cycles of PCR with adapter sequence primers was performed, and sequencing was performed at a core facility with an Illumina MiSeq sequencer (v3 chemistry, 150 nt paired end reads). Fastq files were analyzed with Wolfram Mathematica. Our standard method of fixing origami to the surface for visualization is to incorporate biotinylated DNA staples in the origami. These biotin bind streptavidin, in turn bound to the surface through biotinylated Bovine Serum Albumin (BSA). The BSA is also used to passivate the surface. (c) Employing other, Cy3-labeled staple strands in origami allows them to be visualized by Total Internal Reflection Fluorescence (TIRF) microscopy (before), but even held on surface the Bst destroys and releases the Cy3 over the course of~1.5 hr (after). Staple strands on the edges of these origami create blunt ends and allow stacking and formation of linear chains to help identify the structures under the microscope. Scale bar is 1 µm. (d) DNA origami may also be held on a mica surface with M g 2+ cations. (e) An AFM image (1 µm by 1 µm) shows that origami held to the mica surface were not harmed by a 2.5 hr Bst incubation at room temperature. (f) Similarly, and in contrast to those held on glass surfaces, Cy3-labeled strands held on origami were not destroyed while on mica. The relative fluorescence intensity was measured as the average fluorescence in pixels containing signal (above a certain threshold, determined for each image to differentiate signal from background), normalized against the average intensity at t = 0 with the overall average background intensity as the basal level (intensity = 0). Origami samples had been purified of extra staple strands by gel before the tests. See Supplementary Note 2 for details. were randomly generated by applying the following simple algorithm, and represent 10 consecutively-generated compatible graphs. The test for compatibility is simply checking if the 21 possible proximities match the proximity list, given a cutoff radius (reach). (d) The range of positions for a single probe was calculated geometrically by drawing circles of a given reach around each probe and selecting the area that is within the circle for nearby probes and outside of the circle for farther points. Of the 6 such circles used in calculating the plausible range of the magenta probe (arrow), only 2 are shown for clarity: the magenta probe must be within reach of both green and red probes. Figure 2a) , such that the stem can be opened for template copying but would thermodynamically "prefer" to be closed. Utilizing the energy bound in the phosphate bonds of free dNTPs, a displacing polymerase is used to drive the forward reaction of opening the stem and copying the template to the stopper position. A strand displacement reaction then stochastically displaces the extension from the stem. A careful balance of bulges in the sequence biases the system toward a closed stem and free, single stranded primer extension. To demonstrate this bias, a thermodynamic prediction (using NUPACK 1 ) of all possible nucleotide-nucleotide interactions (excluding "knot"-forming configurations) in the current design was calculated. Based largely on Santa Lucia and Hicks data, 3 they are predictions of the relative time spent in different states, but not the rates at or pathways by which they change. These are thus relevant under the assumption that the timescale of APR reaction is much longer than the timescale of investigating these states.
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The interaction of the simplest probe, with an "Sp9" stopper of length~1 nt in the hairpin loop, and a Half-record, is shown in Supplementary Figure 1a . The hairpin stem is predicted to be predominantly open and the primer extension predominantly hybridized -the opposite of the ideal situation. A small but important improvement is made by adding a short, strong stem below the stopper, increasing the rate at which stem closure begins by more closely co-localizing the stem template and complement (Main Text Figure 1b) . In Main Text Figure 1c , the probe geometry used in Main Text Figures 3a and c, 4c, 5, and 6 is shown, with sequences outlined in Supplementary Figure 2 . An asymmetrical T nucleotide bulge in the primer is more de-stabilizing than the synthetic stopper across from a T nucleotide, and NUPACK predicts the (blue) stem predominantly shut and the (purple) primer extension single stranded, as desired. Further improvements in performance were generated by tightening the hybridization at the stopper, using a synthetic base pair (Iso-dC/dG, IDT) (Main Text Figure 1d ). Here, there is a symmetry in the reflecting boundaries of strand displacement, and therefore a symmetry in the probability profile. Adding a T-bulge to this system (Main Text Figure 1e The second challenge was to create Full-record molecules based on Half-record proximity. For this, a short palindromic sequence was inserted at the end of the extended Half-record (Main Text Figure 2b ). When two Half-records are available for binding, they can bind each other at the 3' palindromic regions and use each other as a template for extension. Many palindrome lengths and sequences were investigated (not shown). Four-nucleotide sequences resulted in slower cycling due to weak interaction, and 8 nt sequences sometimes allowed Half-records to form hairpins and extend on themselves. Because a minimum of 3 nt are required for a hairpin loop itself, a 6 nt palindrome leaves little opportunity for intra-molecular pairing and extension. A strong (high C/G), 6 nt palindromic sequence yielded the best overall performance.
The entire APR cycle therefore had three apparent potential kinetic bottlenecks: Hybridization of the primer 3' end was slowed by a combination of the primer T nucleotide bulge and the stem complement, displacement of the primer extension (Half-record) from the stem was slowed by the stopper bulge, and Half-record pairing and extension required the availability and transient hybridization of two palindrome sequences in the presence of a polymerase. Because Half-records reached a steady-state level quickly compared to Full-record production (Main Text Figure 3b ), single-stranded Half-record availability and pairing appeared to be slower processes. (Increasing the primer T nucleotide bulge to TT did make Halfrecord production the overall bottleneck and slowed net Full-record production.) Increasing spacer lengths significantly also slowed Full-record production, in part because of a diluting effect on the reactive palindrome pair.
Supplementary Note 2: Origami protection from displacing polymerases
Because they can be programmed to organize a complex set of elements on nm length scales, DNA origami nanostructures represent ideal testbeds for evaluating APR. The strand-displacing polymerase (here, Bst) necessary for APR function can damage origami structures by extending and displacing the component strands, however. We have found that binding origami to a mica surface protects origami from damage and enables experiments in Main Text Figures 4, 5 , and 6.
When origami were incubated with Bst in solution, and then deposited on mica (Supplementary Figure 7a) , only free DNA strands were visible under Atomic Force Microscopy (AFM) and no complete origami were found. Origami have been used as a testbed for super-resolution imaging and other techniques in the lab., and the typical method of attaching origami to a glass surface utilized layers of biotinylated Bovine Serum Albumin (BSA) to passivate the surface, streptavidin to hold both the BSA and the origami, and origami with biotinylated strands incorporated (Supplementary Figure 7b) . This forms a layer perhaps 10 nm thick between the rigid glass and the 2.5 nm-thick origami. When origami held in this manner are augmented with Cy3-labeled staple strands and imaged with a fluorescent microscope, they cannot withstand the effects of Bst, as evidenced by the loss of Cy3 strands (Supplementary Figure 7c) . Origami is commonly held onto a mica surface for AFM imaging, wherein free M g 2+ cations attract the negatively-charged origami to surface in a stable and presumably very close association (Supplementary Figure 7d) . Origami held in such a manner before a long period of Bst incubation are much more stable (Supplementary Figure 7e) . Fluorescence imaging confirms the longer lifetime of Cy3-labeled staple strands on mica-stabilized origami (Supplementary Figure 7f) . We hypothesized that the protection against polymerase results from the manner in which origami binds mica tightly, perhaps inhibiting the polymerase from accessing origami staple 3' ends or displacing downstream staples.
For the atomic force microscope (AFM) test of mica-bound origami described here, a 5 µl of origami solution at 1 nM in TAE/Mg was deposited to a small (~1 cm by 1 cm) mica piece, fleshly cleaved and prewet with 20 µl of TAE/Mg. Extra staples were washed away by adding 20 µl of fresh buffer, mixing and taking out 20 µl 6 times, and then the buffer was exchanged to 1x ThermoPol buffer by washing with the buffer similarly 6 times. After taking out additional 20 µl of buffer on top of the mica piece, a 20 µl solution containing 0.8 units/µl of Bst polymerase and 100 µM dNTP in 1x ThermoPol buffer was added and incubated for~2.5 hr at room temperature. AFM images were then taken in fluid tapping mode with a Multimode AFM (Veeco Metrology Group) using a Nanoscope V controller. Silicon nitride cantilevers with 2 nm radius silicon tips were used (SNL probes from Bruker).
For the test-tube incubation test, origami was purified by agarose gel electrophoresis (1% agarose in TAE/Mg, 100 V for 2 hr in an ice bath) and gel extraction spin columns (Freeze and Squeeze from Bio-Rad, Cat. No. 732-6166), where gel pieces were crushed, frozen at -20
• C for 5 min, then spun at 450 g for 10 min at room temperature. A 40 µl solution containing~0.3 nM purified origami (the concentration of purified origami was approximated by measuring the absorbance at 260 nm with an extinction coefficient 113,743,227 /M/cm, treating origami roughly as double-stranded m13), 0.8 units/µl of Bst polymerase and 100 µM dNTP in 1x ThermoPol buffer was incubated at 37
• C for~1 hr before 20 µl of the solution was deposited on freshly cleaved mica for AFM imaging.
For the fluorescence measurement experiments, a flow chamber system was used in the same way as described for APR recording reactions, except in the step of incubating with Bst the primers were omitted from the solution. For the glass surface test, a piece of glass coverslip (No. 1.5, from VWR, Cat. No. 48393 251) was used in the place of mica when constructing a flow chamber and treated as follows: after washing the chamber 3 times with 60 µl buffer A (10 mM Tris-HCl, 100 mM NaCl, 0.05% Tween 20, pH 7.5), 30 µl of biotin-labeled BSA (Sigma-Aldrich, Cat. No. A8549) solution (1 mg/ml in buffer A) was added and incubated for 2 min, followed by washing 3 times with 60 µl of buffer A, incubating with 30 µl of streptavidin (Invitrogen, Cat. No. S-888) solution (0.5 mg/ml in buffer A) for 2 min and washing 2 times with 60 µl buffer A and 2 times with 60 µl buffer B (5 mM Tris-HCl, 10 mM MgCl 2 , 1 mM EDTA, 0.05% Tween 20, pH 8), before the origami solution was added. The fluorescence images were taken by Leica DMI6000B in TIRF mode with a 561 nm laser and a 100x oil immersion lens (numerical aperture 1.47). For the fluorescence measurements with mica, the mica piece needed to be cleaved very thin (~0.1-0.2 mm) to allow optical transmission similar to glass. Fluorescence images were analyzed with ImageJ.
Supplementary Note 3: The Worm-Like Chain model applied to probe reach
The Worm-Like Chain (WLC) model is often used to describe the physical behavior of polymers, treating polymers as continuously flexible chains. 4 The model has often been applied to nucleic acid molecules, e.g., for modeling elastic properties 5, 6 and estimating persistence length. 7, 8 Here, we use the WLC model to estimate the expected reach distance of a probe and attached Half-record.
We consider the end-to-end distances of the double-stranded and single-stranded portions of a probe (Main Text Figure 4b) . For simplicity, we ignore the thickness of a DNA helix and the short linker at the bottom of a probe. The synthetic stopper and opposite T nucleotide are a mismatch pair but treated as part of the double-stranded part and counted as one pair. The palindrome (6 nucleotides) at the end of the single-stranded portion, where a Half-record binds a neighboring Half-record, is counted as 3 single-stranded nucleotides per side. The maximum reach distance per probe is calculated as the sum of the distances from the double-stranded part and from the single-stranded part. Since the linker under the double-stranded part and the phosphate backbone connecting the double-stranded and single-stranded parts would give orientational flexibility, we assume that the whole range of distances shorter than the max reach distance can be covered.
With a persistence length (~50 nm) 9 longer than the contour length (~6-12 nm at 0.34 nm per base pair), the doublestranded part of a probe can be treated as a rod with a narrow range of end-to-end distance. The root-mean-square (RMS) end-to-end distance R of the double-stranded part can be estimated by equation 1, based on the WLC model:
where Lp is the persistence length and L is the contour length of a polymer. The calculated RMS end-to-end distances of the dsDNA portion with the spacer length 0, 12 and 18 nt are 6.0, 9.9, and 11.8 nm, respectively. The single-stranded portion, with a persistence length (~0.75-2 nm) 10 much shorter than the contour length (~5-16 nm; 0.58 nm per nucleotide 10 ), is expected to exhibit a more flexible behavior, with a wide range of end-to-end distances. We estimate the probability density of the end-to-end distance based on equation 2: P (r, t) = 4πC r
2
(1 − r 2 ) 9/2 exp − 3t 4
where r is the end-to-end distance (R) normalized to the contour length L (i.e., r = R/L), t is the contour length (L) in multiples of the persistence length Lp (i.e., t = L/Lp), and C is a normalization constant.
11
By adding the two distances of the double-stranded and single-stranded parts, we estimate the probability densities of the total reach distance of a probe (Main Text Figure 8 ). The end-to-end distance of the double-stranded part was treated as fixed at the RMS distance, i.e., was used to "shift" the probability curves of the single-stranded part to longer lengths. The probability densities of the single-stranded part exhibit Gaussian-like distributions, and here we only take the right-hand-side of the curve for the consideration of the reach distance (again, the shorter distance is covered by the orientational flexibility of a probe). Each curve was normalized to have a common maximum (relative probability 1 at peak) for comparison between different spacer lengths.
To predict the pairwise reach distances (and compare them with the experimental data shown in Main Text Figure 4c ), one would have to consider not only the combinatorial probabilities of the distances of the two probes, but also the interaction kinetics between two probes depending on the distance and corresponding effective volume for interactions, which is beyond the scope of this simple calculation. Nonetheless, it is notable that the overall shapes of the curves for a single probe match qualitatively well with the experimental data for pairwise interactions and that the critical distances (where the transition between high probability and low probability occurs) are in close agreement with roughly the halves of the critical transition distances of the pairwise data (Main Text Figure 4c ).
